Liquid crystal cell (LCC) 
Introduction
Liquid crystals possess many unique physical, optical and electro−optical properties which cause that they are unri− valed in many technical applications [1] . In nematic phase, because of the high anisotropy as well as the collective behaviour, the correlation among molecules is very strong and this is responsible for the fact that a liquid crystal layer can be easily reoriented even with a low externally−applied field. The most common application of liquid crystal tech− nology are liquid crystal displays (LCDs). In the last years liquid crystals have found multitude of other non−display applications as for example spatial light modulators, light shutters, variable phase retarders and systems of adaptive optics for wavefront correction and, recently they make possible development in modern optics [2] .
The aim of this work was to design and manufacture the liquid crystal cells (LCC) for space−borne multibeam laser rangefinder and navigation system for orientation of space− craft to space mission applications. The cells should switch the polarization plane of a laser beam by 90 degrees at the work wavelength of l = 1.064 μm. For this purpose they should have the ability to withstand and transmit laser irra− diation with the energy density not smaller than 0.15 J/cm 2 at the pulse duration of about 8 ns. LCC should have swit− ching on t ON and switching off t OFF times not larger than 1.5 ms and 10 ms, respectively, in the operating temperature range from 20°C to 40°C. The transmission T of high opti− cal quality LCC should be not smaller than 95%, with the diameter of working aperture not less than 15 mm.
To satisfy the above main technical parameters one develops an electro−optical converter in the form of Twisted Nematic liquid crystal cell (LCC) with a 90°−twist angle.
Theory of twisted nematic (TN) structure

Configuration and transmission of TN structure
The conventional twisted nematic (TN) structure consists of a nematic liquid crystal (LC) layer of the thickness d con− fined between two parallel glass plates. The bounded sur− faces are treated, so the director n in the LC layer is parallel to the bounding surfaces but undergoes a p 2 rotation when one goes from one surface to the other. The LC material for such device should have positive both optical Dn and dielec− tric De anisotropies
where: n e and n o are extraordinary and ordinary refractive indices while e || and e^are the parallel and perpendicular components of electric permittivity tensor e of the applied LC.
If polarized light (with wavelength l) strikes normally on a TN structure in such a way that the plane of polariza− tion is perpendicular (or parallel) to the director n at the entrance surface, the plane of polarization rotates through the angle of p 2, as the light traverses the LC film of the thickness d. When a driving voltage of U is applied to the transparent electrodes on the inner surfaces of the bounded TN structure plates, due to the positive dielectric anisotropy De > 0, the director reorients, so the light propagates para− llelly to the optical axis and as the result of it the structure transmits the light with an input polarization.
When polarized light of the wavelength l incidents nor− mally on a TN structure and the plane of polarization of this light is perpendicular to n at the entrance of a TN layer and the transmission axes of "ideal" analyzer is parallel to n at the exit surface, the coefficient of transmission T of TN can be given by [3] [4] [5] [6] 
The maxima of the transmission T appear when
where k = 1, 2, 3, describes the order of TN maximum.
. , the first TN maximum (k = 1) appears at l = 1.064 μm. If the factor of d n D increases, the second maximum (k = 2) shifts towards the higher wavelength. When the factor of d n
. the second maximum is placed at l = 1.064 μm what is shown in Fig. 1 
where, e o is the electric permittivity of free space, g is the rotational viscosity of applied LC and K TN is the reduced elastic constant describing elasticity of LC for the transition from the twisted (TN) to the homeotropic (HT) orientation. K TN is expressed by splay (K 11 ), twist (K 22 ) and bend (K 33 ) elastic constants by the following equation 
So, the total frame t is determined mainly by physical properties of LCM expressed by g and K TN and LCC tech− nology described by the liquid layer thickness d. Since, the product d n D for a given LCC is strictly fixed, Eq. (5) takes form of
where, the figure of merit (FoM) of LC materials
describes the suitability of a given LC for TN application. In short, one can say, the higher FoM the smaller values of t can be achieved.
Liquid crystal mixture (LCM) for LCC
Taking into account the considerations from section 2.1, the electro−optical LCC with T higher than 95% can be devel− oped by using TN cells working in the first or in the second interference maximum. From technological point of view the second maximum seems to be a better one, since in this maximum the transmission T better than 98% is kept for
. . while in the first one the operating range with T > 98% appears for d n D = ± 0 921 0100 . . . Taking into account the considerations from 2.2, the switching on t ON and switching off t OFF times of the elec− tro−optical LCC can be decreased not only by decreasing both the rotational viscosity g and the thickness d of TN structure but by an optimized balance of the reduced elastic constant K and the dielectric anisotropy De, as well.
In order to increase the dielectric anisotropy De of LCM for LCC, the larger percentage of polar LC components should be added to working LC mixture. Polar LCs gene− rally show the higher rotational viscosity g than "neutral" LCs of the similar clearing temperature. As the result of it, MLC with the lower threshold voltage U TH shows the higher value of g.
Since the product d n D has to be kept constant (0.921 for the first maximum or 2.060 for the second one) to obtain high T, LCM with high Dn is necessary to achieve smaller switching on t ON and switching off t OFF times.
Developed in our University LC mixtures consisting of isothiocyanato tolane and isothiocyanato terphenyl liquid crystals are distinguished by relatively high optical aniso− tropies. Based on previous works [9, 10] Figure 6 shows the dispersion of the optical anisotropy Dn(l) at 25°C.
The main material parameters of MLC are gathered in Table 1 . Since the temperature range of nematic phase of LCM is very broad (from -12°C to +136°C), the parameters listed in Table 1 are nearly constant in the range of LCC operating temperature (from 20°C to 40°C). Rotational vis− cosity is proportional to the switching times and was deter− mined by using Eqs. (3) 
Liquid crystal cell (LCC) for space mission applications 4.1. LCM in glass TN cell
In order to determine static, dynamic and some spectral characteristics of a twisted LCM structure, four types (TN10, TN70, TN100 and TN500) of special TN measuring cells were manufactured in our laboratory. The layout of such a TN cell is shown in Fig. 7 . The bottom and top sub− strates were prepared on the base of commercial mechani− cally polished high quality float glass (from Praezisions Glas&Optik GmbH) of the thickness of 1.1 mm and the re− fractive index of 1.52. The patterns of active areas (5.08 mḿ 5.08 mm) in the TN10, TN50, TN70, TN100 and TN500 cells were etched in the ITO coated "transparent" layers on glass substrates with the sheet resistances of 10, 70, 100 and 500 W/ , respectively. In order to obtain proper TN struc− tures, different kinds of rubbed polyimides were applied. After the rubbing treatment two substrates glasses were at− tached with an appropriate spacing introduced by a UV photocured adhesive printed around the edges of the cell (see Fig. 7 ).
In order to achieve the proper thicknesses d of cells, the 1.6, 2. The results of switching on (t ON ) and switching off (t OFF ) times in 2.6TN500 cell filled with LCM at l = 1.064 μm are gathered in Table 2 . Since the spectral positions of maximal values of trans− missions in 2.5TN and 2.6TN cells filled with LCM lie nearly at l = 1.064 and, what is more, the switching on t ON and switching off t OFF times (see Table 2 ) satisfy the requi− rements for LCC, one can regard that LCM is the proper one for an application in LCC.
In spite of the fact that the product d n D =0 37 2 5 . . ( . ) . or 2 6 0 92 » fitted well into the first TN interference maxi− mum (see Figs. 1 and 2 ), the overall transmissions T at l = 1.064 μm of 2.5TN10 and 2.6TN500 cells filled with LCM are only 74.8% and 79.1% (see Figs. 8 and 9) . What is more, in 
Refractive index matched liquid crystal cell (LCC)
In order to increase transmission T of LCC in excess of 95% one needs to minimize or remove the above mentioned sources of transmitted light losses. Our investigations of absorptions of aligned MLC and polyimide layers (PL) applied in LCCs show that both absorptions are the minor ones. The absorptions of a 3−μm layer of MLC as well as an absorption of 30 nm of an applied polyimide film were immeasurable because both values were in the range of our transmission measurement error (< 0.1%).
To reduce absorptions of glass substrates, fused silica windows (further called quartz plates) of d = 1.5 mm and n = 1.45 at l = 1.064 μm instead of the high quality float glass plates were applied [12] . Theoretical values of T and R for such dielectric window are: T = 93,5% and R = 6.5%, so 
μm). T(l)
was recorded when a TN cell with MLC was placed between crossed polarizers and the plane of polarization of incident light was perpen− dicular to n at the entrance of TN layer and light propagates as an or− dinary ray. faces, both sides of QP were mechanically polished with optical quality. After this, the flatness of QP was better than Lambda/4 @ 633 nm and the wedge−shaped character of QP was smaller than 8.
In order to lower optical losses caused by absorption in conductive ITO electrodes and reflective losses caused by interfaces between ITO layers and QP substrates, the QP substrates were covered by index matched porous ITO (PITO) layers by using vacuum deposition technique [13] . Three PITO films were deposited on three QP substrates. Figure 14 shows the transmissions T as a function of the wavelengths l for QP substrates covered by different PITO layers with sheet resistances of 400 W/ , 1000 W/ and 1200 W/ , respectively. The above sheet resistances of PITO layers were obtained not only by changing thick− nesses of evaporated layers, but by proper modifications of other depositions parameters, as well. In Fig. 14 one can notice that T of QP covered by PITO1200 is just the same as it was for clean QP substrate. It means that refractive index of PITO1200 is similar to refractive index of QF. To avoid direct electrical contact of transparent PITO electrode of rather large working area with LCM (characterized by n o = 1.53 at l = 1.064 μm), thin SiO 2 blocking film (BF) was evaporated on PITO layer of the thickness d = l/(4n SiO 2 ) has been used.
In order to remove the relatively high reflections on external surfaces of LCC, outside of QP (with PITO and BF layers on the other side) was armed with standard (bilayer: Al 2 O 3 −/MgF 2 ), vacuum deposited anti−reflecting (AR) coat− ings aimed at l = 1.064 μm.
Transmission of QP with AR, PITO, BF and PL layers is shown in Fig. 15 . The result of T better than 96% for l = 1.064 μm was confirmed by a direct measuring of the energy of the laser beam passed through this sample.
Taking the above into consideration the refractive index matched liquid crystal cell (LCC) with T > 95% should be constructed as a multilayer sandwich. The schematic cross section of LCC is shown in Fig. 16 . Two QP substrates covered by AR, PITO, BF and PL layers followed by suitable rubbing (for TN effect) were sealed by standard operations of LCD technology. To do it the thermocured (heat−activated) adhesive was used. To establish the LCC cell gap of about d = 2.5 μm, the proper glass spacers were added to the glue. In this way the empty LCC cells (for TN effects) were obtained. The thickness of d = 2.5 μm was tuned to establish in LCC the first interfer− ence maximum for TN effect at l = 1.064 μm by using (described above in part 3) LCM. Transmission T of empty LCC cell was measured by means of digital spectropho− tometer JASCO V670. The obtained characteristics T(l) of empty LCC cell is shown in Fig. 17 . The filling process was carried out in the LCD vacuum chamber at working temperature of 35°C. After the filling process, the LCC cells were air tight sealed by means of an adhesive specially prepared for it by Vavilov SOI.
Tests of LCCs
All LCCs developed and manufactured by MUT were tested in the laboratories of MUT in Warsaw, Poland and Vavilov SOI in Saint Petersburg, Russia.
The following characteristics of LCC were investigated: Transmission T of LCC filled by LCM measured for nonpolarized light is shown in Fig. 18 . In all investigated LCCs (over amount of 10 items) the results for T were better than 95.7% for l = 1,064 μm. These results were confirmed by a direct measuring of the energy of the laser beam passed through LCCs. layer. T(l) shown in Fig. 20 was obtained when the plane of polarization of incident light was perpendicular to n at the entrance layer and the light propagates as an ordinary ray, so the refractive indices of LCM and surroundings are almost of the same value.
All measured values for 10 pieces of LCCs were within data given in the Table 3 . 
Conclusions
Since all technical parameters of LCCs obtained under cooperation of MUT with Vavilov SOI satisfy all technical requirements for LCCs (established by Vavlilov SOI), one can state that LCCs can be applied in space technologies. The resistance of LCC to the action of background space radiation was not studied during the present series of our experiments and remains a subject for further investiga− tions; it shall be noticed though, that the location of LCC inside the case of the rangefinder somehow facilitates the problem of its operation in space conditions.
